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SECTION I 
THE INTERPRETATION OF mTALLIC ADHESION DATA 
. 
I. THE INTERPRETATION OF METALLIC ADHESION DATA 
-- -- __ - 
-#--------- 
The measurement of m e t a l - m e t a l  adhesion under ultra-high vacuum con- 
d i t ions  has received considerable a t ten t ion  i n  t h e  past  f e w  years (1-4). 
The various devices and techniques which have been applied t o  t h e  problem 
&re most nmerous while t h e  va l id i ty  of t he  output da ta  i s  somewhat per- 
plexing. 
of adhesion ( r a t i o  of t he  load t o  break an adhesion junction t o  t h e  load 
For example, Table I indicates  t h a t  t h e  spread i n  t h e  coef f ic ien t  
t o  make t h a t  junct ion)  f o r  copper-copper contacts var ies  from zero and, i n  
t u r n ,  through the  ranges of 0.01, 0.1, 1.0 and 10. Such a var ia t ion  cer- 
t a i n l y  does not a id  a designer i n  choosing materials f o r  compatibil i ty in- 
a f r i c t i o n  assembly which i s  expected t o  operate under dry conditions i n  
hard vacuum. And, such a var ia t ion i n  r e su l t s  a l so  leads one t o  suspect 
a l l  adhesion data  and t h e  very mechanisms which have been proposed t o  
j u s t i f y  cold welding. Since t h e  adhesion theory of f r i c t i o n  strongly in- 
corporates t h e  phenomena of adhesion, there  i s  l i t t l e  question as t o  why 
ce r t a in  f r i c t i o n  t h e o r i s t s  challenge t h e  adhesion approach ( 5 ) .  
L e t  us b r i e f l y  re-examine the theo re t i ca l  basis f o r  adhesion between 
two m e t a l s  i n  order t o  iden t i fy  those mechanisms which w i l l  prevent o r  in- 
h i b i t  t h e  process. 
f o r  examining adhesion systems seems t o  be t h e  reverse of t h e  ideal cleav- 
. 
A s  indicated previously (61, probably t h e  best model 
.mh.- 5 .-.I 1 ,  
age experiment which w i l l  only apply t o  a meta l l ic  system i f  t h e  p l a s t i c  
deformation process during t h e  cleavage can be accounted. 
shown tha t  t h i s  i s  acceptable for  some metal l ic  systems which have an easy 
cleavage plane, i . e .  zinc. Through t h i s  re la t ion ,  t h e  adhesion energy must 
be closely a l l i e d  t o  t h e  cleavage energy of a meta l l ic  system; and thus,  
G i l m a n  (7 )  has 
+I-- bLLc J-ILVIVll *.-ne,+; _n fs=.ed fr? 511 i d e a l  adhesion experiment ought t o  be nearly 
equal t o  the  f rac ture  energy of t h a t  n a t e r i a l  which, i n  tu rn ,  w i l l  account 
f o r  t h e  p l a s t i c  deformation occurring i n  medium t o  high temperature t e s t s .  
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Since w e  are considering pure metal adhesion, such as copper-copper, at 
room temperature, one should, therefore,  be able t o  r e l a t e  t h e  s t rength 
per  un i t  area of t h e  in te r face  d i r ec t ly  t o  the  ult imate t e n s i l e  s t rength 
. 
- 
of copper; t h e  observed data  (c f .  Table I), however, suggests t h a t  t h i s  i s  
not always t r u e  s ince under cer ta in  circumstences no adhesion is  observed. 
Three mechanisms have been proposed t o  j u s t i f y  the  lack of adhesion i n  a 
system i n  which adhesion should theore t ica l ly  be observed: 
a )  t he  presence of an impurity, oxide, e tc .  (81, 
b )  t h e  release of e l a s t i c  stresses which w e r e  imposed on t h e  
system during t h e  loading process (81, 
c )  t h e  presence of an energy barrier i n  t h e  in te r face  which 
must be overcome before atomic bonds can form across the  
in te r face  ( 9  1. 
Since (b )  and ( c )  are operative,  i f  t r u e ,  on atomically clean surfaces 
and ( a )  i s  a contaminant barrier having l i t t l e  t o  do with the  metal l ic  
state,  a series of experiments on very clean surfaces ought t o  ver i fy  the  
v a l i d i t y  of t h e  two l a t t e r  cases and i l l u s t r a t e  t h e  s ignif icance of t he  
former. Such a se r i e s  of experiments were conducted i n  t h i s  laboratory 
as  discussed i n  t h e  January, 1966 progress report  (10) and concluded t h a t  
tk?e c ~ l y  harrier t o  adhesion of couples made from s i lver -s i lver ,  copper- 
n icke l  and silver-nickel w a s  surface contamination. 
mechanisms, if present,  contributed so l i t t l e  t o  t h e  mechanism t h a t  they 
-- _., -- *.*-* - -  
The other  proposed 
w e r e  unobserved. 
The major feature  involved i n  the  s e r i e s  o f  tes ts  w a s  t h e  incorpo- 
r a t ion  of a p a r a l l e l  experiment which qua l i ta t ive ly  re f lec ted  t h e  nature 
of the  adhesion in te r face  u~iirei- tsst-2uricg that +.est: from i n i t i a l  con- 
-I_ 
t a c t ,  t o  peak load, to fracture nf t he  adhesion Junction. 
experiment w a s  t h e  measurement of t h e  contact res is tance of t he  junction 
The pa ra l l e l  
-. . ~ 
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Figure lb 
under a very low impressed voltage such t h a t  contact heating could be con- 
sidered n i l  (11). 
sis tance can vary from i n f i n i t y  ( insulat ing oxide layer )  through non- 
ohmic, o r  semiconductive, t o  pure ohmic as thoroughly discussed by H o l m  
(12) .  Since the re la t ionship  of contact res is tance t o  t h e  contact area 
i s  not simple, t he  contact res is tance data  cannot be u t i l i z e d  i n  an ab- 
solute  sense; however, t h e  data  are most valuable i n  a relative sense 
f o r  comparing t h e  degree of interference t o  e lectron flow through the 
contact region, e.g. contamination, from one s tage of contamination t o  
another as w e l l  as studying t h e  e f fec t  of contact force on the change i n  
contact area i n  one experiment. L e t  us examine the  results of one ad- 
Under various contaminant conditions t h e  junction re- 
hesion cycle (contact,  t o  maximum load, t o  f rac ture)  under conditions i n  
which t h e  surfaces of s i lver -s i lver  could be considered very near ly  
atomically clean (again the absolute sense i s  not j u s t i f i e d  s ince no in- 
t e r n a l  measurement such as low energy electron d i f f r ac t ion  techniques 
were employed t o  j u s t i f y  absolute c leanl iness) .  
t r a t e d  i n  Figure l a  shows the effect  of var ia t ion o f  t he  solenoid current 
The adhesion cycle i l l u s -  
(as c i r c u i t  r e s i s t ance ) ,  which tended t o  ro t a t e  the tors ion  balance arm 
i n  order t o  br ing the  silver samples i n t o  contact versus the  contact 
fc=.ce ~ t r z i n  geiise reading. The moment of contact of the samples i s  ob- 
served as the  first contact res is tance value as shown i n  Figure lb.  The 
s m p l e s  used t o  produce these curves w e r e  r igorously outgassed at 10 
-10 
Torr and then subjected t o  rigorous argon ion cleaning a t  a current den- 
s i t y  of at least 500 amps/cm* at  one ki lovol t  fo r  about one hour i n  
spectrographically pure argon. Since these curves are representat ive of 
t h e  over f ive  iiiiiiidre8 test:: tc! ri&e nf which a major portion of the  curves 
d i d  demonstrate sdhesim, w e  f ee l  t h a t  a curve of t he  shape shown i n  
Figure l b  can be used as a c r i t e r i a  f o r  adhesion. That i s ,  as the  load 
-4- 
1 -  
1 -  
i s  released the contact res is tance is  v i r t u a l l y  constant u n t i l ,  o r  very 
close t o ,  the  point of f racture .  This observation indicates  t ha t  re leased 
e l a s t i c  stresses do not play a major  ro l e  i n  t he  f rac ture  of s i l ve r - s i lve r  
( A g - N i  o r  Cu-Ni) adhesion junctions (recent  tests show that  t h i s  i s  a lso  
t r u e  i n  the t i tanium-t i tanium system where t e s t i n g  i s  all i n  the e l a s t i c  
range). In  comparing an adhesion case t o  one i n  which contamination pre- 
vented adhesion i n  the  s i lver -s i lver  system, two fac tors  were immediately 
evident i n  the  l i g h t l y  loaded systems under t es t .  As shown i n  Figure IC 
a subs tan t ia l  load of approximately 0.3 gms w a s  required t o  permit a 
stable resis tance reading, and a f t e r  peak loading t h e  released e l a s t i c  
stresses apparently decreased t h e  contact area , such that  t h e  contact re- 
s i s tance  superimposed along the  loading curve returning t o  the  point of 
i n s t a b i l i t y .  Whether o r  not t h i s  represents the a b i l i t y  of the contami- 
nant oxides along the in te r face  t o  f r ac tu re  with ease o r  t h e i r  t o t a l  in- 
a b i l i t y  t o  form an adhesion junction cannot be readi ly  ascertained from 
t h i s  experiment. 
and strong in te rac t ion  can be made through a secondary measurement which 
What i s  important is  t h a t  a d i s t inc t ion  between w e a k  
provides some insight  i n t o  the s ta tus  of the  interface.  Note the  differ- 
ence i n  contact loading values versus contact res is tance values between 
Figures i;l eiiz Lc. 
To explore t h i s  f a c t  fur ther  Figure 2 shows t h e  data from Figure l b  
p lo t t ed  as a log-log relat ionship with a curve f o r  the  var ia t ion i n  con- 
t a c t  res i s tance  of crossed s i lve r  wires tes ted i n  a i r .  O f  s ignif icance 
is  the  f ac t  that  fo r  a constant load t h e  removal of t h e  contaminant layer  
from s i l v e r  reduces t h e  contact res i s tance  by a fac tor  of s i x ,  which i s  
s ign i f i can t ,  s ince  t h e  precis lcz  vlth vhic2.1 t h i s  difference can be mea- 
sured i s  about th ree  or feu? s igni f icant  f igures without. taking any 
spec ia l  precautions. The var ia t ion of contact res is tance with load as 
-5- 
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. 
t h e  cleaning process proceeds i s  also of i n t e r e s t ,  f o r  it demonstrates 
changes t h a t  take place i n  t h e  contact region as t h e  ambient conditions 
change. Figure 3 shows t h e  variation i n  contact res is tance of t h e  silv-er- 
s i l v e r  system versus load beginning with etched s i l v e r  samples i n  a i r ,  and 
comparing these values with those i n  vacuum, and, t he rea f t e r ,  with those 
i n  vacuum after bake-out (45OOC - 20 hours) and 900°C anneal at lom1' Torr, 
and f i n a l l y  after argon ion cleaning. 
after t h e  preliminary degassing process w a s  completed, and t h e  ' junction 
strength only r eached the  strength of s i l v e r  only after argon ion cleaning. 
The contaminant f i l m s  present on s i lve r  seem t o  be of two d i s t inc t  types,  
those which a re  p a r t i a l l y  removable by vacuum and degassing techniques 
and those which are only removable by rigorous ion cleaning techniques. 
The la t te r  i s  supported by the  observations of a very tenacious f i l m  on 
s i l v e r  by Farnsworth and Winch (13) during t h e i r  invest igat ion of t h e  work 
function of s i l ve r .  Therefore, i n  a qua l i t a t ive  sense contact res is tance 
measurements provide a simple method f o r  t h e  in te rpre ta t ion  boundary con- 
d i t i ons  during adhesion tes t ing .  
tempted t o  invest igate  j u s t  how f a r  these observations can be in te rpre ta ted ;  
and i n  t h i s  l i n e  of thought, Figure 4 w a s  developed. 
ordinates  of Figure 3 one can examine t h e  data  from very clean surfaces and 
adsorbed f i l m s  i n  detail .  Again, each point represents the  minimum contact 
res i s tance  observed i n  a par t icu lar  adhesion cycle under various conditions 
of contamination. The curves have no real  s ignif icance,  but only act  as a 
guide l i n e  t o  the  surface conditions t h a t  might be expected by t h e  pa r t i c -  
u l a r  experimental conditions. 
region are t r u l y  t h e  minimum values of contact res is tance can only be as- 
cer tained by e i t h e r  a separate experiment (low energy electron d i f f r ac t ion )  
o r  a multitude of  data from separate experiments on s i lve r .  Figures 5 
No adhesion w a s  indicated u n t i l  
With a la rge  quantity of da ta  one is 
By expanding t h e  co- 
Whether o r  not t h e  points  i n  the  ultra-clean 
-6- 
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Again, t he  contact res i s tance  
a qua l i t  at ive  fashion. 
except t h a t  d i ss imi la r  couples w e r e  used. 
r e f l e c t s  the nature of t h e  f i l m ,  but only i n  
The necessi ty  of maintaining a qua l i t a t ive  sense t o  t h e  analysis  with 
regards t o  t h e  absolute contact res is tance data discussed above can be 
j u s t i f i e d  b r i e f ly .  The resis tance (R) t o  current flow across a m e t a l  con- 
t a c t  in te r face  can be represented by 
R = R  + 
0 %  
where R represents t h e  resis tance due t o  an oxide, or  contaminant film, 
which, i f  th ick  enough, can be the control l ing fac tor ,  i .e. ac t  as a pure 
0 
insulator .  
pression of t h e  poten t ia l  l i n e s  of force i n  a metal l ic  contact from one 
% i s  t h e  constr ic t ion,  o r  contact res is tance due t o  t h e  com- 
macro-body through a very s m a l l  diameter contact back t o  a second macro- 
body. The var ia t ion  of R w i t h  surface cleaning ought t o  be f r o m  in- 
f i n i t y ,  o r  pure insu la tor ,  through semi-conducting f o r  extremely t h i n  
0 
films t o  zero f o r  atomically clean surfaces.  
probably affected by t h e  contact pressure as w e l l  as t h e  area change dur- 
The var ia t ion ,  however; i s  
ing  load var ia t ion,  and i s  probably a most complex function of load and 
contaminant chemistry. 
Holm (12) and has recent ly  been re-analyzed by Greenwood ( 1 4 )  , who showed 
t h a t  % i s  a function of t h e  m e t a l  conductivity ( p )  and t h e  number ( n )  
of m e t a l  junctions by t h e  equation, 
The theore t ica l  nature of % w a s  developed by 
wiiere 
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Since a m e t a l  contact region may have any nuniber of a s p e r i t i e s  of various 
diameters i n  real contact at any var ia t ion  i n  separat ion,  t h e  equation, 
i n  e f f e c t ,  ind ica tes  t h e r e  i s  l i t t l e  hope f o r  reasonable analysis  from 
bas ic  pr inc ip les .  
l i shed  based on a simple model ( 1 0 )  remains t o  be seen. 
of t h e  da t a  shown i n  Figure l b  when it w a s  p lo t t ed  on a log-log curve 
(Figure 3) ind ica tes  Holm's s ing le  contact re la t ionship  f o r  clean surfaces  , 
Whether o r  not a n  empirical r e l a t ionsh ip  can be estab- 
The l i n e a r i t y  
where a = t h e  contact 
de f ormat i on 
P 
% = 2 a  
& 
n which, i n  tu rn ,  i s  a M c t i o n  of t h e  
propert ies  of t h e  mater ia l  versus load 
i s  a reasonable approximation and some hope t h a t  an empirical r e l a t ions  
m a y  evolve. Further evidence of t h i s  w a s  es tab l i shed  when t h e  log  of 
t h e  contact res i s tance  versus t h e  log  o f  t h e  load of t h e  individual 
adhesion cycles were p lo t t ed  and, f o r  t h e  most p a r t ,  produced s t r a i g h t  
l i n e s  
s lope 
m e t  a1 
these  
1 1 
2 with a s lope ly ing  between (- 7) or  ( -  -1. 
represents an area var ia t ion  due t o  e l a s t i c  deformation of t h e  
and t h e  l a t t e r  due t o  p l a s t i c  deformation (12). The in t e rcep t s  of 
l i n e s  were a l s o  of t h e  r i g h t  order of magnitude, but displaced 
The minus one t h i r d  
between 10-40%, which w a s  probably due t o  contamination o r  multi  con- 
t a c t  po in ts  and d id  not seem too far removed, consictering kilt: cuiiiglc:xlt;- 
o f  t h e  proposed mathematical re la t ionships .  
Exactly where does t h i s  place t h e  contact res i s tance  type of ex- 
periment i n  t h e  realm of adhesion t e s t i n g ?  F i r s t l y ,  l e t  us examine t h e  
coe f f i c i en t  of adhesion parameter obtained from t h e  s i l ve r - s i lve r  ex- 
periments with t h e  r ea l i za t ion  t h a t  t h i s  parameter assumes t h a t  t h e  
e l a s t i c  and p l a s t i c  deformation i n  forming t h e  contact junction was 
equal t o  t h a t  during the  f rac ture  of t h a t  junction. O f  course, one 
bears no r e l a t ionsh ip  t o  t h e  other ,  so t h e  numbers a re  not wholly 
-8- 
. 
s ign i f i can t ,  but i f  accepted i n  a r e l a t ive  sense,  they do o f fe r  a compari- 
son. 
r e l a t i v e  strength of t he  adhesion junction. The air  c i t e d  i n  t h e  table 
w a s  dr ied over s i l i c a  g e l  f o r  several days p r i o r  t o  use; however, i n  ex- 
p lo i t i ng  t h i s  behavior fur ther ,  individual pure gases,  i . e. nitrogen, 
oxygen, hydrogen and water, are i n  t h e  process of being examined t o  as- 
ce r t a in  which has t h e  grea te r  effect  as a barrier i n  t h e  adhesion process. 
The use of various chemical agents w a s  a l so  proposed i n  an attempt t o  op- 
t imize t h e  process. A s  t he  various atmospheres are examined t h e  contact 
res i s tance  data  i s  a l so  accumulated during t h e  t e s t ,  which w i l l :  a )  permit 
a qua l i t a t ive  p ic ture  of t h e  fracture  process,  e.g. Figure lb ; b )  some 
indicat ion of t h e  r e l a t i v e  thickness of t h e  f i l m  by contact res is tance 
value ; and, c )  hopefully , a reasonable correlat ion of t h e  resis tance 
values with area w i l l  be achieved which, i n  tu rn ,  w i l l  provide an accurate 
knowledge of t h e  real contact area. 
area can be obtained, t h e  t e s t i n g  data  can then be reduced t o  an absolute 
sca l e  and r e l a t ed  t o  t h e  mechanical propert ies  of t h e  material i n  tes t .  
The development of t h e  adhesion contact res is tance experiment, i f  
Table I1 i l l u s t r a t e s  t h e  extreme e f f ec t  of t h e  atmosphere on t h e  
I f  a knowledge of t h e  r e a l  contact 
nothing else, permits t h ree  independent simultaneous indicat ions of t h e  
n-con-o r  -- --_- CY PL\senr~ nf ndhesion, and permits two independent measures of 
t h e  s t rength of t h e  junction formed. On t h i s  basis, w e  f e e l  t h a t  t h e  re- 
l i a b i l i t y  of meta l l ic  adhesion data w i l l  be increased; and, as a s ide  
e f f e c t ,  some ins ight  i n to  t h e  behavior of contaminant films w i l l  be gained. 
Furthermore, as t h e  confidence leve l  of adhesion data  i s  expanded two very 
f r u i t f u l  areas of invest igat ion are immediately ava i lab le ,  namely, t h e  
e f f ec t  o r  a l loy const i tuenis  uii metall ic a&\eslcr: xfi the effect. ~f' 
specific chziiilcsl w e n t s ,  e i the r  i n  mtsl soli-ition o r  as gaseous contami- 
nants on meta l l ic  adhesion can be invest igated i n  a ra ther  quant i ta t ive 
-9- 
TABLE I1 
APPROXIMATE COEFFICIENTS 
FOR 
ADHESION* 
Pressure Average a 
Torr Conditions (a t  least 10 runs)  
1. before cleaning O f  
2. % 4 mm argon immediately after 
3. 8 x IO-’ a i r  inleak from Torr 
cleaning 
a f t e r  cleaning 
2.2 2 1.2 
0.33 2 0.16 
4. % air  in leak  from #3 0.19 2 0.17 
5. 760 a i r  inleak from #4 Torr O f  
6. 5 x a f t e r  atmosphere exposure( s ) 0.16 2 0.08 
*cross w i r e  loading 0.01 - 2.0 grams at 25OC 
#minimum detectable a = 0.005 
-10- 
manner. Considerable data  is already avai lable  on the  e f f e c t  of cer ta in  
agents on t h e  f r ac tu re  s t rength of metal systems; e.g. the  invest igat ion 
of t h e  embrittlement of m e t a l s  w i t h  mercury, o r  by gallium, etc .  by 
Rostocker (15) and Westwood (161, t o  c i t e  a few. 
use of iodine as a spec i f i c  agent t o  reduce t h e  f r ac tu re  s t rength i n  metal 
systems, as has been discussed recently by Owens, Roberts and Barnes (171, 
might be c i t e d  among t h e  very many t h a t  are  available.  Since t h e  above 
experimental discussion has re la ted  the  adhesion s t rength t o  the  f r ac tu re  
s t rength the  u t i l i z a t i o n  of surface chemistry as a basis f o r  research 
direct ion i n  adhesion s tudies ,  would seem the  most f r u i t f u l ,  pa r t i cu la r ly ,  
i f  spec i f i c  re lease agents,  i .e.  low shear s t r e s s  boundary agents, were 
desired t o  reduce the  adhesion component i n  f r i c t i o n  systems. 
As a fu r the r  example, the  
-11- 
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. SECTION I1 
ADHESION OF HARD METALS 
IN ULTRA-HIGH VACUUM 
Keith I. Johnson 
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I. INTRODUCTION 
The f ac to r s  a f fec t ing  t h e  adhesion of metals have long been i n  dis- 
pute. Ear l ier  experiments have shown t h a t  t h e r e  is  a deformation barrier 
t o  adhesion which has t o  be surpassed before bonding between m e t a l  couples 
can occur, and t h a t  t h i s  b a r r i e r  var ies  with t h e  amount of contamination 
present ,  t h e  hardness of t h e  metal couples, t h e i r  atomic c r y s t a l  s t ruc tu re  
and t h e  temperature of t h e  experiment (1) ( 2 ) .  
s ib le ,  u n t i l  recent ly ,  t o  cont ro l  contamination i n  anymore than a gross 
sense. 
t u a l l y  impossible. The advent of ultra-high vacuum techniques and t h e  
preliminary s tudies  done on surface cleaning techniques by t h e  low energy 
e lec t ron  d i f f r ac t ion  workers , however , has enabled attainment and main- 
tenance of v i r t u a l l y  atomically clean metal surfaces .  
therefore ,  w a s  i n i t i a t e d  i n  an attempt t o  study t h e  adhesion charac- 
t e r i s t i c s  of a wide range of such clean m e t a l  surfaces  and t h e  e f f e c t  of 
t h e i r  subsequent contamination. 
However, it w a s  not pos- 
Consequently, t h e  separation of t h e  above variables has been vir-  
The present work, 
,* . 
Earlier adhesion s tudies  on the  s i l ve r - s i lve r ,  si lver-nickel 
( i n so lub le )  and copper nickel  (soluble)  metal couples (3) ( Q  0.40" dia. 
specimens), have shown t h a t  spontaneous adhesion occurred f o r  these  t h r e e  
systems a t  loads less than 0 . 1  grams, a f t e r  t h e  surfaces  were cleaned by 
argon ion bombardment and maintained under a vacuum. 
loaded conditions , t he re  is  a subs tan t ia l  amount of e l a s t i c  deformation 
and, consequently, t h e  following conclusions may be drawn: 
Under these  l i g h t l y  
1. The major b a r r i e r  t o  me ta l l i c  adhesion, which i s  always en- 
c c z t e r e c ?  d-uring t h e  cold pressure welding of metals, i s  due t o  con- 
tamination fram t h e  surrounding atmosphere. This may be deduced s ince 
adhesion occurs between clean couples under such highly loaded 
conditions. 
-14- 
2. The postulated energy barrier t o  adhesion due t o  t h e  necessi ty  
of realigning t h e  surface atoms t o  form an in t e r f ace  i s  of minor o r  
no importance f o r  t he  couples studied, s ince adhesion occurred under 
such l i g h t l y  loaded conditions. 
3. No evidence f o r  t h e  rupture of bonds by t h e  relief of e l a s t i c  
stresses during t h e  unloading of t h e  specimens w a s  found f o r  t h e  
s o f t e r  m e t a l  couples of t h i s  study, although a subs tan t ia l  amount 
of e l a s t i c  deformation w a s  present. 
has been previously postulated (6 )  t o  explain t h e  normally observed 
lack of adhesion under conditions where the re  i s  a subs tan t ia l  
amount of e l a s t i c  deformation. 
4. 
diss imi la r  metal couples does not apply t o  t h e  insoluble s i l ve r -  
n icke l  couple studied, since adhesion occurred t o  t h e  same degree 
as f o r  t h e  soluble Cu-Ni and t h e  Ag-Ag couples. It had been pre- 
viously stated t h a t  insoluble m e t a l  couples would not adhere ( 7 ) .  
The present report  deals with the  attempt t o  extend t h e  above 
Such a bond rupture mechanism 
The bulk misc ib i l i t y  c r i t e r i o n  f o r  t h e  metal l ic  adhesion of 
study t o  harder metals. 
d i f f i c u l t  t o  cold weld than sof t ,  but t h e  reason f o r  t h i s  i s  not c lear .  
Thus, contamination may be more of  a barrier for  these  materials, o r  Liic 
above postulated energy barrier, and t h e  ro l e  of e l a s t i c  r e l i e f  stresses 
on unloading may be more important here than in  t h e  above s o f t e r  m e t a l  
Couples. Thus, adhesion studies on t h e  W-W and Mo-Mo systems have been 
i n i t i a t e d .  The T i - T i  system has a l so  been studied s ince i t s  hardness 
i s  intermediate between those of t h e  above harder and s o f t e r  metal couples, 
and a l so  because t i tanium has a c lose packed hexagonal atomic s t ruc ture  
a t  room temperature. Hexagonal metals have previously been reported t o  
It i s  well known t h a t  harder m e t a l s  are more 
-15- 
. 
adhere t o  a lesser degree than metals with a cubic s t ruc tu re  (1) ( 2 ) .  
These former s tud ies ,  however, were done i n  t h e  presence of gross contam- 
ina t ion  and, consequently, t h e  present examination has been i n i t i a t e d  i n  
an e f fo r t  t o  determine whether t h e  hexagonal m e t a l s  are inherently mort 
d i f f i c u l t  t o  cold w e l d ,  o r  whether the  e f f e c t  i s  due t o  contamination. 
-16- 
11. EXPERIMENTAL PROCEDURE 
----e=*- ' -.-_. 
The adhesion c e l l  and pumping system were designed t o  allow f o r  t h e  
measurement of t h e  contact res i s tance  and adhesion between two m e t a l  
samples as a function of contact force,  with varying degrees of surface 
contamination. 
c e l l  ( A )  attached t o  a 1" ultra-high vacuum valve (H) and thence t o  t h e  
The system used consisted of a 40 x 300 mm Pyrex adhesion 
vacuum system, as shown i n  Figure 1. The adhesion c e l l ,  valve,  and f i rs t  
l i q u i d  nitrogen t r a p  were baked out during each experiment a t  4 5 O o C  f o r  
a t  least 10 hours. A f t e r  bakeout, t h e  degassing of t h e  t i tanium sorpt ion 
pump, and t h e  cooling of t h e  f irst  l i qu id  nitrogen t r a p ,  t h e  minimum 
pressure observed i n  t h e  adhesion c e l l  w a s  5 x Torr, as measured 
by t h e  NRC Redhead gauge ( D )  mounted adjacent t o  t h e  specimens. 
t i t a n i u m  sorpt ion pump ( E )  consisted of a h e l i x  of 0.010" t i t an ium wire 
c lose ly  wrapped over 0.015" tungsten w i r e .  
The 
The to r s ion  beam and adhesion samples are shown i n  Figure 2. Both 
w e r e  supported by t h r e e  5 mm s t a i n l e s s  steel  support rods h e l i a r c  welded 
t o  a s t a i n l e s s  steel  Conflat flange p l a t e  attached t o  t h e  c e l l  a t  (J), 
Figure 1. The rods a lso served as supports f o r  t h e  sample e l e c t r i c d  
leads within t h e  chamber, which were a l l  insu la ted  with r ec rys t a l l i zed  
alumina tubing and l e f t  t h e  c e l l  by standard Kovar through-seals at  ( B j ,  
Figure 1, The t o r s ion  beam w a s  also constructed of alumina tubing and 
w a s  supported at i t s  center  by a s t a i n l e s s  s t e e l  connector which served 
as a bearing f o r  t h e  tors ion  beam as it res ted  on a 0.010" tungsten wire 
under tension between t h e  two 5 mm s t a i n l e s s  steel  supports. 
The i ron  s lug,  F1, Figure 2 ,  f ixed t o  t h e  end of t h e  to r s ion  beam, 
w a s  used i n  conjunction with the  ex terna l  permanent magnet ( C ) ,  t o  a f f i x  
t h e  pos i t ion  of t h e  indenter with respect t o  the  sample p la te .  The s t r a i n  
-17- 
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F2 , gauge (GI mounted on t h e  tors ion  beam, supported a second i ron  s lug ,  
which in t e rac t ed  with the  f i e l d  of a solenoid (L). Thus, as t h e  current  
i n  t h e  solenoid, monitored by t h e  ca l ibra ted  var iab le  res i s tance  (J) w a s  
increased, t h e  tors ion  beam w a s  moved i n t o  sample contact and a normal 
force placed on t h e  sample p l a t e  due t o  t h e  indenter. The force of 
shearing t h e  magnetic f l u x  between the  i ron  s lug,  Fly and t h e  magnet (C) 
before contact, and t h e  force of contact of t h e  indenter ( B )  with t h e  
f ixed  sample p l a t e  ( A )  were measured by t h e  0.00095" x 6" nude s t r a i g h t  
constantan w i r e  s t r a i n  gauge, whose output w a s  monitored by a Sanborn 
Transducer-Amplifier, Model 312. 
system w a s  ca l ibra ted  i n  a i r  throughout t h e  range of operation, i .e .  
0 - 2.0 grams, and w a s  found t o  have a s e n s i t i v i t y  of about 0.010 grams. 
Pr ior  t o  each experiment t h e  balance 
The contact res i s tance  between t h e  indenter and p l a t e  w a s  measured 
with a Precision Kelvin Bridge in  conjunction with a Nanovoltmeter used 
as a n u l l  detector ,  
t h e  contact res i s tance  w a s  approximately 0.3 mi l l i vo l t s  , which should 
y i e l d  negl ig ib le  temperature r i s e  a t  t he  contact region due t o  current 
flow (8) .  
wi th in  the  range of zero t o  one ohm, with an accuracy of 3-4 f igures .  
r e s i s t ance  c i r c u i t  w a s  ca l ibra ted  with a 0.01 ohm NBS stanaar6 r t . s P s t ~ r  
p r i o r  t o  each run. 
A source was  used such t h a t  t h e  po ten t i a l  drop across 
Such an arrangement enabled t h e  res i s tance  t o  be measured when 
The 
The to r s ion  beam arrangement w a s  designed i n  t h e  above way i n  order 
t o  obtain,  as nearly as possible ,  pure normal loading, Thus, shear defor- 
mation of t h e  adhesion specimens w a s  reduced t o  a minimum during tes t  
eyclcs ,  t h e  nnly tangent ia l  motion being imparted t o  t h e  specimens by un- 
avoidable normal 1sDoratox-y vibrat ions.  The e f f ec t s  of these  could only 
be observed under extreme l i g h t  specimen loading and non-adhesion conditions, 
-18- 
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when i n s t a b i l i t y  of t h e  contact res is tance occurred. 
The normal operating procedure involved placing t h e  samples i n  t h e  
system and evacuating t o  a pressure below 
bakeout cycle w a s  imposed, as previously mentioned, t o  a t t a i n  an ul t imate  
pressure of about 5 x 10-l' Torr. 
argon, obtained from Airco Company, w a s  admitted t o  t h e  leak system by 
breaking t h e  capsule break-off t i p .  
c e l l  t o  a pressure of about i o  Torr, and argon ion bombardment of each 
surface i n i t i a t e d  by placing a DOC, po ten t i a l  of about a k i lovol t  between 
t h e  filament ( E ) ,  Figure 2 ,  and the surface t o  be cleaned. 
cleaning operation, which amounted t o  a t o t a l  of at l e a s t  t h ree  hours f o r  
each surface,  a s m a l l  n icke l  sh ie ld  w a s  moved i n t o  place ( v i a  magnet) t o  
completely sh i e ld  t h e  surface not being cleaned from contamination by 
sput tered material .  After bombardment , a subs tan t ia l  sput tered deposit  
on t h e  c e l l  w a l l s  a t t e s t e d  t o  the f a c t  t h a t  a considerable amount of 
surface mater ia l  w a s  removed from each sample, Upon completion of t h e  
argon ion bombardment phase, the  systern w a s  evacuated and sample annealing 
i n i t i a t e d .  Electron bombardment from the  filament (E! w a s  used t o  heat 
t he  sample FGT zrgzn degassing and sample anneal. 
Torr, at which t i m e  t h e  
A t  t h i s  time t h e  ultra-high pu r i ty  
The argon w a s  then admitted t o  t h e  
-4 
During the  
A t  c e r t a in  points  throughout t h e  whole of t h i s  evacuation and surface 
cleaning process a s e r i e s  of adhesion cycles were perfomed at room tem- 
peratures  by slowly bringing indenter (B) i n t o  contact with ( A ) ,  by re- 
ducing the  var iable  res is tance (J) o The values of (J) and t h e  def lect ion 
of t h e  transducer amplifier,  due t o  the s t r a i n  gauge, were noted con- 
cur ren t ly  a t  discre-ce iiiter-d.s l i n t i l  sample contact w a s  made, when con- 
t a c t  res i s tance  riiess'wements were a l s o  performed at  each new adjustment 
of (J) .  The load on t h e  adhesion couple w a s  then fu r the r  increased t o  a 
-19- 
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predetermined l eve l  and then reduced by increments u n t i l  contact w a s  
broken. Contact make and break were immediately indicated by a closed and 
open c i r cu i t  i n  t h e  Kelvin B r i d g e .  In  t h i s  way t h e  loading and unloading 
processes were monitored by at l ea s t  t e n  concurrent contact res i s tance ,  
force,  and solenoid c i r c u i t  res is tance measurements during each adhesion 
cycle. The peak loads employed were usual ly  0.3 and 1 .5  grams. 
In  t h e  present study t h e  W-W, T i - T i  and Mo-Mo systems were s tudied,  
_- _ I  
.030" diameter cross w i r e  specimens at A and B, Figure 2,  being employed 
i n  a l l  cases. The mater ia ls  used were polycrystal l ine and of t h e  highest  
puri ty  normally avai lable ,  i .e. W, 99.95%, T i ,  99.92, and Mo, 99.95%, t h e  
suppl iers  being United Mineral and Chemical Corp., New York. The wires 
were mounted i n  t h e  adhesion c e l l  i n  t h e  as-received condition. 
-20- 
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111. RESULTS AND DISCUSSION 
During t h e  period covered by t h i s  repor t ,  a t o t a l  of 30 adhesion 
cycles have been done under varying conditions on t h e  W-W, 100 on t h e  
T i -T i ,  and 70 on t h e  Mo-Mo couples. 
ye t ,  any s ign i f i can t  adhesion, although a tendency t o  adhesion has been 
shgm by t h e  Mo-Mo couple af'ter a prolonged degas treatment. 
Only t h e  T i -T i  system has shown, as 
-. Y -"_ 
~ --..e . 
- - -. -_ n -.--- 
"_- -_--- T i - T i  Results - --- 
No adhesion w a s  observed i n  t h i s  couple except after argon ion bom- 
bardment of t h e  surfaces ,  and generally only then after a prolonged degas 
treatment. Figure 3 shows a t y p i c a l  adhesion cycle done under these con- 
d i t ions .  The load required t o  break the  bond, 0.8 grams, i s  s ign i f i can t  
Of adhesion, as i s  the  maintenance and s t a b i l i t y  of t he  minimum res i s tance  
up t o  the bond break away point on unloading. 
As mentioned above, t h e  couple loading, and, consequently, t h e  load 
t o  break any couple bond, may be measured qui te  accurately by the s t r a i n  
gauge at tached t o  the adhesion beam. In order t o  m a k e  some estimation of 
t he  bond s t rengths ,  however, t h e  contact area formed under m a x i m u m  couple 
loading must be known. This i s  necessar i ly  d i f f i c u l t  due t o  t h e  non-ideal 
geometry of t h e  surfaces and a l s o  because the  deformation i s  p a r t i a l l y  
e l a s t i c  and p a r t i a l l y  p l a s t i c  i n  nature.  
If t h e  in t e rac t ion  between the crossed titanium wires i s  assumed t o  
be t o t a l l y  e l a s t i c ,  the Hertzion equation (91 ,  
r 
-21- 
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where 
a = radius of  the  contact zone 
r = radius of  curvature of t h e  w i r e s  
u = Poisson's Ratio 
E = Young' s Modulus E l a s t i c i t y  
P = load on couple 
enables an approximation of the  contact area. 
Such a s implif ied e l a s t i c  interact ion is j u s t i f i e d  i n  the  case of 
t h e  Ti-Ti-couple, and even more s o  t h e  cases of t he  harger W-W and Mo-Mo 
couples, s ince bulk p l a s t i c  deformation does not occur on loading the  
couples u n t i l  (10) , 
P = 1.1 Y m 
where 
and 
= Pressure under indentor 'm 
Y = Yield s t rength of t he  mater ia l  
This point i s  not reached i n  t h e  t i tanium couple u n t i l  the  couple is  sub- 
j ec t ed  t o  a 1.7 gram loading. 
Figure 4 shows a p lo t  o f  the T i -T i  j o i n t  s t rengths  measured under 
var ious surface conditions, a f t e r  loading t h e  couple t o  about 0.3 and 
about 1.5 grams. The above e l a s t i c  approximation w a s  used t o  determine 
t h e  contact mew. As m a y  be seen there  is no appreciable adhesion before 
surface cleaning. Only one se r i e s  shows s ign i f i can t  bond s t rengths  after 
t h e  f i r s t  argon-ion bombardment treatment , but adhesion becomes more 
s ign i f i can t  a f te r  specimen degas ( Q  1 hr .  at > 900°C) and fu r the r  argon 
ioii %u&k-hszt. Rend strengths are, however, consis tent ly  below the  bulk 
tensile st rength of t i t a n i a .  No bond s t rengths  were generally observed 
f o r  couple loadings of less than 0.3 grams. 
-22- 
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L Mo-Mo Results. 
No s ign i f i can t  adhesive force has ye t  been measured f o r  t h e  Mo-Mo 
couple, even a f t e r  prolonged specimen degas (Q 30 hrs.  at > l , O O O ° C )  and 
argon ion bombardment cleaning procedures. After  such rigorous cleaning, 
however, a tendency t o  maintain the minimum contact res i s tance  on un- 
loading the  couple w a s  observed, see Figure 5.  This maintenance of con- 
t a c t  res i s tance  i s  an indicat ion of adhesion, as has been substant ia ted 
i n  e a r l i e r  work ( 3 ) .  
Because of a low energy electron d i f f r ac t ion  study by H a a s  and 
Jackson (11) it w a s  thought t h a t  carbon contamination could be responsible 
f o r  t h i s  lack of adhesion. 
remove any carbon present by heating t h e  degassed Mo wires i n  an atmosphere 
of 10 Torr of ultra-pure oxygen. Due t o  a f au l ty  oxygen supply, however, 
t h i s  experiment w a s  not conclusive and no adhesion was observable. 
W-W Result s 
Consequently, one attempt has been made t o  
-6 
No indicat ions of adhesion have ye t  been observed f o r  t h i s  system. 
In a l l  tungsten experiments an i n i t i a l  high temperature degas w a s  employed 
( >  2,0OO0C), s ince t h i s  has been claimed t o  give clean surfaces where in-  
soluble  impurit ies a re  present (12). 
hesion c e l l ,  however, t h e  tungsten w i r e s  were found t o  be severely em- 
On t h e  subsequent opening of t h e  ad- 
b r i t t l e d .  Such embrittlement of tungsten after annealing i s  a commonly 
observed phenomenon and is  generally a t t r i bu ted  t o  grain boundary contam- 
ina t ion  (13). Consequently, the  tungsten surfaces of these s tud ies  were 
undoubtedly contaminated. 
In te rpre ta t ion  of Data 
Although s igni f icant  adhesion has been observed i n  t h e  titanium 
system and a tendency t o  adhesion w a s  noted f o r  t he  molybdenum couples 
-23- 
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after extensive surface cleaning techziques w e r e  employed, none of t h e  
systems presently studied show the  spontaneous adhesion previously ob- 
served fo r  t he  s i lver -s i lver ,  si lver-nickel and nickel-copper (3 )  systems 
under very l i g h t  loads. 
inherent property of t he  systems, o r  it may be t h a t  these harder materials 
are more d i f f i c u l t  t o  clean than t h e  s o f t e r  ones previously studied. 
it i s  due t o  an inherent property of t h e  couple mater ia l ,  then one or  
both of t h e  two fac tors  governing adhesion mentioned above w i l l  be sub- 
s t an t i a t ed ,  namely, 
This present lack  of adhesion may be due t o  an 
If 
1. tha t  harder metal couples a re  more d i f f i c u l t  t o  bond than 
s o f t e r  couples because of a higher energy b a r r i e r  due t o  t h e  
necessi ty  of  rearranging the  more t i g h t l y  held surface atoms, 
2. t he  bonds formed between t h e  harder metals under l i g h t  loading 
are  broken on the  removal of the  applied load by t h e  r e l i e f  
of e l a s t i c  s t r e s s e s  since these  s t r e s ses  a re  necessar i ly  
grea te r  i n  magnitude than those caused by unloading the  
s o f t e r  metals from comparable loads. 
Whilst the  former mechanism m a y  be applicable,  however , t h e  t i tanium 
r e s u l t s  show t h a t  t h e  e l a s t i c  r e l i e f  forces  are insu f f i c i en t  t o  rupture 
any bonds formed s ince s igni f icant  adhesion w a s  found a f t e r  a couple 
loading of % 1.5 grams, where the bulk in te rac t ion  should be t o t a l l y  
e l a s t i c ,  apa r t ,  of course, from the  p l a s t i c  deformation of surface 
a s p e r i t i e s  . 
A fu r the r  significance i n  t h e  f a c t  t h a t  the  t i t an ium couples showed 
aGiES5GE Y ~ P E  d-eformed so le ly  e l a s t i c a l l y ,  i s  t h a t  t h i s  i s  at variance 
wi th  previous reports  (1) (21, t h a t  hexagonal metals a re  d i f f i c u l t  t o  
cold weld. These t i t a n i u m  r e s u l t s  ind ica te ,  therefore ,  that t h e  
-24- 
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atomic s t ruc ture  of m e t a l s  i s  no c r i t e r ion  f o r  adhesion. 
It i s  fe l t ,  however, t h a t  the  e f f e c t s  of contamination have not been 
t o t a l l y  eliminated from t h e  present specimen surfaces.  The reason f o r  
bel ieving t h i s ,  i s  best i l l u s t r a t e d  by Table I where t h e  measured contact 
res i s tances  of t h e  couples s tudied are shown under various conditions. 
The previously reported Ag-Ag results are shown f o r  comparison. The theo- 
r e t i c a l  contact res i s tance  i s  a l s o  shown f o r  each couple and w a s  derived 
by using t h e  equation suggested by Holm (14 )  : 
R = p / 2 a  ( 3 )  
where R is t h e  contact res i s tance ,  p the  spec i f i c  r e s i s t i v i t y  of t h e  m e t a l  
and a the  radius  of t h e  c i r c u l a r  contact zone. T h i s  equation necessar i ly  
assumes one c i r c u l a r  contact zone and t h e  absence of contamination. 
Further,  i n  the present case, t he  radius of t h e  contact zone, a, w a s  cal-  
culated assuming e l a s t i c  in te rac t ions ,  by using Equation (1). 
the  theo re t i ca l  contact res is tance values shown are only approximations t o  
what should be expected prac t ica l ly .  Table I does, however, show t h a t  t h e  
observed contact res i s tance  values obtained f o r  t i t a n i u m  and tungsten are 
subs t an t i a l ly  above those predicted theo re t i ca l ly  , and tha t  the molybedenum 
values only approach thc t h e c r 5 t i c n l  A f t e r  yrolonged specimen degas and 
surface cleaning procedures. 
s i s t ance  values f o r  s i l v e r  correspond as w e l l  as could be expected from 
t h e  simple theory and, consequently, it must be concluded t h a t  the silver 
specimens are, as far as can be judged, contaminant free, whereas the  
tungsten,  t i t an ium and molybdenum surfaces are contaminated t o  some degree, 
even a f t e r  r igorous surface cleaning prucecliirts. 
nat ion i s  thought t o  be ciue t o  if i ternal diffiasion from the  i n t e r i o r  cf 
the  specimens t o  t h e  surface subsequent t o  t h e  employment of the cleaning 
Consequently, 
The observed and t h e o r e t i c a l  contact re- 
%,e cnllrce of contami- 
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4 . Future Work 
Although the  present work shows a considerable reduction i n  the  con- 
__ ___._-- . -.--- - - 
tact res i s tance  of the  T i -T i ,  W-W, and Mo-Mo couples after surface clean- 
ing,  together with indicat ions of bonding i n  the Ti -Ti  and Mo-Mo couples 
a t  heavier loads, it i s  f e l t  t h a t  adhesion s tudies  have not ye t  been done 
on clean metal couple surfaces.  
I 
c 
Consequently, fu r the r  experiments have 
been planned fo r  t h e  above couples after t h e  employment of even more 
rigorous surface cleaning and specimen degassing techniques than have been 
present ly  used. 
Furthermore, the range of specimen loading w i l l  be increased by a 
f ac to r  of f ive , to  ten  grams i n  order t o  see w h a t  e f f ec t  t h i s  has on the 
adhesion charac te r i s t ics  of t h e  couples 
-27- 
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